The ATLAS Collaboration has reported excesses in the search for resonant diboson production with decay modes to hadronic final states at a diboson invariant mass around 2 TeV in boosted jets from W Z, W + W − , and ZZ channels. Given potential contamination, we investigate the anomalies in leptophobic U (1) LP models. We show that leptophobic models can be constructed in flipped SU (5) × U (1) X models from free fermionic string constructions and Pati-Salam models from D-brane constructions. Additionally, we perform a collider phenomenological analysis to study production cross sections for pp → Z ′ → jj/tt/W W/Zh and discover the excess can be interpreted in both the leptophobic flipped SU (5) × U (1) X models and intersecting D-branes.
I. INTRODUCTION
The ATLAS and CMS Collaborations have completed searches for massive resonances decaying into a pair of weak gauge bosons via jet substructure techniques, i.e., the pp → . It is intriguing that CMS also reported about 2σ and 2.2σ excesses near 1.8 TeV and 1.8-1.9 TeV in the dijet resonance channel and the eνbb channel, respectively, which could be accounted for by a W ′ → W h process [4, 5] . Though these excesses are not yet statistically significant, consideration is warranted for potential interpretations of these anomalous events as new physics beyond the Standard Model (SM), as evidence mounts for a possible non-trivial explanation. In the intervening time since ATLAS and CMS first reported their findings, these diboson excesses have been extensively studied .
The ATLAS diboson excess is well fit by resonance peaks around 2 TeV and widths less than about 100 GeV. Narrow resonances such as this might imply new weakly interacting particles, therefore we shall consider the underlying theories to be perturbative in this work.
Turning our focus to the ATLAS excess in the W Z, W W , and ZZ channels, the tagging selections for each mode used in the analysis are rather incomplete, as these channels share about 20% of the events. It may be difficult to pronounce that a single resonance is responsible for all excesses, although there does remain the possibility that one 2 TeV particle contributes to the excess in only one channel, whereas the additional excesses in the alternate channels are via contaminations. Approaching the analysis from this perspective provides motivation for not attempting to formulate a simultaneous explanation for all excesses, thereby studying only models with a new resonance in one channel. The reference ranges of the production cross-section times the decay branching ratio for the 2 TeV resonances in the W Z, W W , and ZZ channels are approximately 4 − 8 fb, 3 − 7 fb, and 3 − 9 fb, respectively.
The goal in this work is to understand the diboson excesses in leptophobic U(1) LP models from string theories. The leptophobic property aids the process of relaxing LHC search constraints on the leptonic decay channel Z ′ → ℓ + ℓ − , with string model building allowing for a deeper understanding of the particle physics. Consequently, we shall realize a leptophobic U(1) LP in flipped SU(5) × U(1) X models from free fermionic string constructions [46] [47] [48] [49] [50] [51] and in Pati-Salam models from D-brane constructions [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . We conclude the study with exploration of the production cross sections for pp → Z ′ → jj/tt/W W/Zh, demonstrating a plausible interpretation of the ATLAS excess in both leptophobic flipped SU(5) × U(1) X models and intersecting D-branes.
The convention we adopt here denotes the SM left-handed quark doublets, right-handed up-type quarks, right-handed down-type quarks, left-handed lepton doublets, right-handed charged leptons, and right-handed neutrinos as Q i , U where i = 1, 2, 3. Notice that F i does not contain the charged leptons, thus the leptons can be charged under the leptophobic U(1) LP gauge symmetry. It is also clear thatf i andl i cannot be charged under the leptophobic U(1) LP gauge symmetry.
In this work we consider flipped SU(5) × U(1) X models from four-dimensional free fermionic string constructions [47] , which possess various favorable properties regarding vacuum energy, string unification, dynamical generation of all mass scales, top-quark mass, and the strong coupling [48] . The complete gauge group has three identifiable pieces
and
. There are 63 massless matter fields present, annotated in detail in Tables I, II, III, and IV, including their charges under G U(1) .
In particular, there are five F , twoF , threef , and threel i , which according to the original conventions, are denoted as
Special emphasis is warranted for the property Tr U 1,2,3,5 = 0, whereas Tr U 4 = 0. The anomalous symmetries are artifacts of the truncation of the full string spectrum down to the massless sector. The low-energy effective theory is correctly specified by rotating all anomalies into a single anomalous The mass spectrum of all states in the accompanying Tables can be obtained through   a complex procedure by considering trilinear and non-renormalizable contributions to the superpotential, and likewise to the masses and interactions [47] . However, this procedure does not provide a unique outcome since the VEVs of the singlet fields in Table II are unknown, though constrained by the anomalous U A cancellation conditions. The objective here is to generate an electroweak-scale spectrum that is closely comparable to the MSSM.
Relevant studies can be found in Refs. [47, 50] . Two scenarios are studied here that possess an anomaly free leptophobic U(1) LP gauge symmetry [47, 50] . 
Moreover, we present their charges under U A and three orthogonal linear combinations of interest (U ′ , U ′′ , U ′′′ ). Table I . It is however interesting to note that F 0 and F 1 are indeed charged under U 4 (1). The U 4 (1) and U Y (1) do not mix though:
the Higgs doublets, which break the electroweak symmetry, are neutral under U 4 (see h i ,h i in Table I ). The mixing via gauge kinetic functions cannot be realized due to Tr (YU 4 ) = 0.
This factor "protects" the leptophobia, as otherwise the leptons would experience their U 4 charges shifted away from zero.
Under the assumption that F 0 and F 1 contain the first two generations of the SM quarks, the U 4 can remain unbroken during the SU(5) × U(1) X symmetry breaking at the usual GUT scale. The U 4 symmetry may be broken radiatively at low energy if the singlet fields 0 η 1,2 andη 1,2 , which solely carry the U 4 charges (see Table II ), acquire suitable dynamical VEVs. Although this Z ′ can explain the dijet excess, it cannot explain the W W excess since it clearly does not mix with the Z boson. However, the top quark Yukawa coupling is forbidden by the U(1) LP gauge symmetry.
B. The Second Scenario
Three linear combinations of U 1,2,3,5 are orthogonal to U A = U 1 − 3U 2 + U 3 + 2U 5 and traceless. Without loss of generality, we can choose the following basis: U
The U ′ gauge symmetry is by construction anomalyfree and leptophobic, and some of the Higgs pentaplets are charged under it (i.e., mixed).
The charges of all fields under U ′ are given in the Tables, along with two extra traceless combinations which can be chosen as
From the tables we find that only a very limited set of fields is neutral under U
and therefore their VEVs will not break the U ′ gauge symmetry. The challenge is whether the usual D-and F-flatness conditions can be satisfied with such a limited set of VEVs since it generally breaks the hidden sector gauge groups. This problem may be solved if one introduces the non-renormalizable superpotential [50] .
It can be verified that if Tr (YU ′ ) = 0, then U ′ can indeed remain unbroken down to low energy, thus permitting the U ′ charges to remain unshifted and the leptophobia protected.
Moreover, only F 2 andF 5 can break the SU(5) × U(1) X gauge symmetry since they are not charged under U ′ . Unlike the previous studies [47] where F 4 contains the third-generation quarks, we consider F 0 , F 1 , and F 3 as the first, second and third generations, respectively.
Additionally, F 4 andF 4 can form vector-like particles at the intermediate scale such that string-scale gauge coupling unification can be achieved [48] . For the pentaplet Higgs fields h i andh i , for simplicity, we assume that h 2 andh 2 are vector-like and have mass around the usual GUT or string scale. Moreover, the triplets in the (h 1 ,h 1 ) and (h 3 ,h 3 ) will be light at low energy since they are charged under U(1) LP . Therefore, in the low energy supersymmetric SM, there will be two pairs of Higgs doublets and two pairs of Higgs triplets.
In 
A phenomenologically interesting intersecting D-brane model has been studied in Refs. [57, 58] . A variation of this model with a different hidden sector was also studied in Refs. [59, 60] .
The full gauge symmetry of the model is given by As shown in Ref. [59] , precisely one linear combination of the present model remains massless and anomaly-free:
Thus, the effective gauge symmetry of the model at the string scale is given by
As can be seen from Table V 
Here a, b, c, etc. refer to different stacks of D-branes. 
which is TeV-scale, Where S The gauge symmetry is first broken by splitting the D-branes as a → a1+a2 with N a1 = 6 and N a2 = 2, and c → c1 + c2 with N c1 = 2 and N c2 = 2. After splitting the D6-branes, the gauge symmetry of the observable sector is where
and U(1) 3B+L = −U(1) X .
The gauge symmetry must be further broken to the SM, with the possibility of one or more additional U(1) gauge symmetries. In particular, the
gauge symmetry may be broken by assigning VEVs to the right-handed neutrino fields N i R . In this case, the gauge symmetry is broken to 
We will assume that all exotic matter, shown in Table VIII , may become massive, as shown in Ref. [60] . The resulting low-energy field content is shown in Tables VII and along with their charges under 
Higgs fields are present, and realistic masses and mixings may be obtained. The Yukawa couplings with the Higgs fields H u , H d from the bc ′ sector, which carry charges of ±1 under U(1) B ≡ U(1) LP respectively, are perturbatively forbidden by the global U(1) charges. We will assume that these fields may also obtain a subdominant VEV with respect to the Higgs fields in the bc sector. The Z and Z ′ bosons will then be mixed as a result. Thus, we might explain the diboson and dijet excesses [7] .
Clearly, the requirement that a Higgs field be charged under the leptophobic U(1) in order to obtain mixing between the Z and Z ′ bosons results in the Yukawa couplings with this Higgs field being forbidden, which seems to be a generic problem for models of this type.
In the present context, this leads to the requirement of an extended Higgs sector with some Higgs fields charged under U(1) B and some which are not for which the Yukawa couplings are present. Specifically, the Yukawa couplings with Higgs fields in the bc sector are allowed by the global U(1) charges carried by these fields:
while the Yukawa couplings with the extra Higgs fields H u and H d from the bc ′ sector which are charged under U(1) B are perturbatively forbidden. We assume that these extra Higgs fields have masses so that they have not been observed at the LHC. We shall defer a detailed study of such extra Higgs bosons to later work.
IV. DIBOSON SIGNALS AT THE 8 TEV LHC
The production of a leptophobic Z ′ boson at the 8 TeV LHC is strongly constrained by three independent search regions: Z ′ → jj [14] , Z ′ → tt [66] , and Z ′ → Zh [4] . Given the anomaly free nature of the Z ′ boson described in the models presented here, the Z ′ → ZZ and Z ′ → Zγ are forbidden. Therefore, we only apply the following three constraints:
The
−45 fb constraint consists of a 1σ fitted cross-section [14] , thus we also consider a more relaxed alternative. Softening these 1σ boundaries, we shall also observe the result of applying only a 90% CL upper bound of
170 fb [14] . The upper limit on tt resonances of 11 fb established by the CMS Experiment [66] corresponds to a decay width of 20 GeV for a 2 TeV Z ′ boson, whereas the 18 fb upper limit correlates to a 200 GeV decay width, though we shall generally only regard the less stringent 18 fb constraint in this analysis when phenomenologically constraining the gauge coupling g Z ′ .
The calculation of the partial decay widths requires the quark and Higgs field charges on the leptophobic U(1) LP . The quark decay width is given by [7] Γ
where g Z ′ is the U(1) LP gauge coupling, N C = 3 represents the number of colors, and Q LPq L , Q LPq R are the left-and right-handed charges of the quark content on U(1) LP . Here we take 
with Q LP Hu as the Higgs field charge on U(1) LP , and β the angle between the up and down
Higgs VEVs. The equivalence theorem suggests for a heavy Z ′ boson in the decoupling limit though it is expected that it is of unity order, hence, we assume any normalization of O (1) is already assimilated into the phenomenologically constrained value of the U(1) B gauge coupling g Z ′ . We thus apply n = 1 in Eq. (19) for intersecting D-branes. An estimate of the 8 TeV LHC cross-section for Z ′ boson production is given as [7, 27, 69] 
using the decay widths given in Eq. (16) .
The charges of the MSSM content on U ′ are given in Table I for leptophobic flipped SU(5) × U(1) X models. The matter fields F 3 , F 1 , and F 4 represent the first, second, and third generations, respectively, andh 1 contains H u . Thus, to compute the decay widths and branching ratios, the
, and Table I do implement a preferred No-Scale Supergravity angle β using tanβ = 25 [70] . The decay widths were computed with both tanβ = 5 and tanβ = 25, resulting in only a mere ∼ 5% increase in the cross-section for the larger tanβ, a safely negligible delta for our purposes here. Given this lack of significant variation in the cross-section as a function of β, there is essentially only one free-parameter remaining, the Z ′ gauge coupling g Z ′ . Therefore, we phenomenologically constrain the value of g Z ′ using the LHC constraints on Z ′ → jj, Z ′ → tt, and Z ′ → Zh. The branching ratios are independent of variation in g Z ′ , with the results of the computations for the flipped SU(5) × U(1) X models given in Table IX .
Observe in Table VII The intersecting D-brane branching ratios are included in Table IX .
The value of the Z ′ gauge coupling g Z ′ is freely floated prior to application of the LHC constraints given in Eqs. (13) 
